Two experiments were conducted to estimate the standardized ileal digestible valine:lysine (SID Val:Lys) dose response effects in 25-to 45-kg pigs under commercial conditions. In experiment 1, a total of 1,134 gilts (PIC 337 × 1050), initially 31.2 kg ± 2.0 kg body weight (BW; mean ± SD) were used in a 19-d growth trial with 27 pigs per pen and seven pens per treatment. In experiment 2, a total of 2,100 gilts (PIC 327 × 1050), initially 25.4 ± 1.9 kg BW were used in a 22-d growth trial with 25 pigs per pen and 12 pens per treatment. Treatments were blocked by initial BW in a randomized complete block design. In experiment 1, there were a total of six dietary treatments with SID Val at 59.0, 62.5, 65.9, 69.6, 73.0, and 75.5% of Lys and for experiment 2 there were a total of seven dietary treatments with SID Val at 57.0, 60.6, 63.9, 67.5, 71.1, 74.4, and 78.0% of Lys. Experimental diets were formulated to ensure that Lys was the second limiting amino acid throughout the experiments. Initially, linear mixed models were fitted to data from each experiment. Then, data from the two experiments were combined to estimate dose-responses using a broken-line linear ascending (BLL) model, broken-line quadratic ascending (BLQ) model, or quadratic polynomial (QP). Model fit was compared using Bayesian information criterion (BIC). In experiment 1, ADG increased linearly (P = 0.009) with increasing SID Val:Lys with no apparent significant impact on G:F. In experiment 2, ADG and ADFI increased in a quadratic manner (P < 0.002) with increasing SID Val:Lys whereas G:F increased linearly (P < 0.001). Overall, the best-fitting model for ADG was a QP, whereby the maximum mean ADG was estimated at a 73.0% (95% CI: [69.5, >78.0%]) SID Val:Lys. For G:F, the overall best-fitting model was a QP with maximum estimated mean G:F at 69.0% (95% CI: [64.0, >78.0]) SID Val:Lys ratio. However, 99% of the maximum mean performance for ADG and G:F were achieved at, 68% and 63% SID Val:Lys ratio, respectively. Therefore, the SID Val:Lys requirement ranged from73.0% for maximum ADG to 63.2% SID Val:Lys to achieve 99% of maximum G:F in 25-to 45-kg BW pigs.
INTRODUCTION
Valine (Val) is commonly considered to be the fifth limiting amino acid after Trp in corn-soybean meal-based diets for finishing pigs (Figueroa et al., 2003) . Yet, Val can easily become limiting in diets supplemented with feed-grade amino acids, such as lysine (Lys), Met, Thr, and Trp. However, there is limited data characterizing the Val requirement in growing pigs. In fact in the most recent edition of the NRC, there were no studies summarized in the growing pig that were reported with greater 1 than a 27 kg final body weight (BW). Also, following a practical recommendation to express amino acid requirement is as a ratio to Lys (Stein et al., 2007) , few studies have attempted to define a specific point estimate for the requirement of Val:Lys in pigs (Lewis and Nishimura, 1995; Waguespack et al., 2012) . In fact, the NRC (2012) published a single overall standardized ileal digestible (SID) Val:Lys requirement of 65% for 25-to 45-kg pigs. Yet, it is possible that Val requirements to optimize different measurements of performance such as ADG, G:F, or economics may vary substantially as has been shown for other AA (Gonçalves et al., 2015) . Finally, recent evidence suggests that the SID Val:Lys requirement may be greater than 65% if a broader range of BW in growing pigs is considered (Liu et al. 2015; Soumeh et al., 2015) . Therefore, the objective of these studies was to estimate ADG and G:F in 25-to 45-kg pigs fed increasing dietary SID Val:Lys under commercial conditions. Also, our objective was to estimate the maximum or breakpoints for SID Val:Lys ratio and describe confidence intervals around these estimates.
MATERIALS AND METHODS

General
The Kansas State University Institutional Animal Care and Use Committee approved the protocols used in these experiments. Each experiment was conducted in a different commercial research-finishing barn in Minnesota. Both barns were naturally ventilated and double-curtain-sided and pens had completely slatted flooring and deep pits for manure storage. In experiment 1, pens were equipped with a four-hole stainless steel dry self-feeder (Thorp Equipment, Thorp, WI) and a cup waterer. In experiment 2, each pen was equipped with a three-hole stainless steel dry self-feeder (Thorp Equipment) and a cup waterer. Both facilities were equipped with a computerized feeding system (FeedPro; Feedlogic Corp., Willmar, MN) that delivered and recorded daily feed additions. During the experiments, pigs had ad libitum access to feed and water.
In experiment 1, a total of 1,134 gilts (PIC 337 × 1050), initially 31.2 kg ± 2.0 kg BW (mean ± SD) were used in a 19-d growth trial with 27 pigs per pen (0.62 m 2 /pig) and seven pens per treatment. In experiment 2, a total of 2,100 gilts (PIC 327 × 1050), initially 25.4 ± 1.9 kg BW (mean ± SD) were used in a 22-d growth trial with 25 pigs per pen (0.67 m 2 /pig) and 12 pens per treatment. In both experiments, pens were blocked by initial BW and dietary treatments were randomly assigned to pens within each block in a randomized complete block design. In experiment 1, there were six dietary treatments with dietary SID Val at 59.0, 62.5, 65.9, 69.6, 73.0, and 75.5% of Lys. For experiment 2, there were seven dietary treatments with SID Val at 57. 0, 60.6, 63.9, 67.5, 71.1, 74.4, and 78 .0% of Lys fed in meal form. In both experiments, the intermediate Val:Lys ratios were obtained by blending different proportions of source diets consisting of low and high Val:Lys ratios (Tables 1 and 2 for experiments 1 and 2, respectively). The NRC (2012) model was used to estimate the Lys requirement of gilts at the expected BW at the end of each experiment using the respective net energy per kg used in each experiment. All other model parameters were kept as default. The SID Lys as a percentage of the diet was reduced by 0.10 percentage points below the requirement at the expected BW by end of experiment to ensure that Lys was the second limiting amino acid throughout the experiment. This specification was based on results from a preliminary study performed in the same facility and with the same pigs as those used in experiment 1 (Gonçalves et al., 2015) . This experiment indicated that diets formulated 0.10 percentage units below the SID Lys requirement estimated by NRC (2012) at the end of the experiment's weight range would ensure pigs were below the Lys requirement.
Diet Sampling and Analysis
Five representative samples of corn, soybean meal, and DDGS were collected weekly for 5 wk and analyzed in duplicate for total AA (except Trp; method 994.12; AOAC Int., 2012), Trp (method 13904:2005; ISO, 2005) , and CP (method 990.03; AOAC Int., 2012) by Ajinomoto Heartland Inc. (Chicago, IL) for each experiment. The averages of these values were then used in diet formulation. Other nutrients and SID AA digestibility coefficient values used for diet formulation were obtained from NRC (2012). Ratios of other essential amino acids were evaluated in the final diet formulations as well as ensuring that enough nonessential amino acids were present to ensuring enough nitrogen was available for their synthesis.
In experiments 1 and 2, diet samples were taken from six feeders per dietary treatment 3 d after the beginning of the trial and 3 d prior to the end of the trial and stored at −20° C, then CP (method 990.03; AOAC Int., 2012) and total AA analyses were conducted in duplicate on composite samples (Ajinomoto Heartland Inc., Chicago, IL). Dietary samples were also analyzed for DM (method a Diets were fed from 31.3 to 44.9 kg BW in experiment 1 and 25.4 to 40.7 kg BW in experiment 2. Corn, dried distillers grains with solubles (DDGS), and soybean meal prior to each experiment were analyzed for CP and total amino acid concentrations and NRC (2012) SID digestibility values were used in the diet formulation.
b The lowest diet within the experiment was the the same as the listed high diet with the exception of the lack of L-Val addition which resulted in a Val:Lys of 62.5% for experiment 1 and 60.6% for experiment 2. Within each experiment the low and high diet were blended in the appropriate proportions to result in intermediate dietary treatments: 62.5, 65.9, 69.6, and 73.0, SID Val:Lys in experiment 1 and 60.6, 63.9, 67.5, 71. 
Data Collection
Pens of pigs were weighed and feed disappearance measured at the beginning and at the end of each experiment to determine ADG, ADFI, and G:F. The total g of SID Val intake based on formulated values were divided by total BW gain to calculate the g of SID Val intake per kg of gain.
Statistical Analysis
First, responses measured at the pen level were analyzed separately for each experiment using a general linear mixed model, that included the fixed effect of SID Val:Lys as a categorical treatment and BW block as a random effect using procedures outlined by Gonçalves et al., 2016 . Briefly, restricted maximum likelihood (REML) was used for estimation of variance components and degrees of freedom were estimated using the Kenward-Roger's method (Kenward and Roger, 1997) . Orthogonal polynomial contrasts with coefficients adjusted for unequally spaced treatments were used to conduct a preliminary evaluation of the functional form of the relationship of ADG, ADFI, G:F, BW, g of SID Val intake per d, and g of SID Val intake per kg of gain. Model assumptions were checked for each response and heterogeneous residual variances were fitted as needed. Results from the base model analyses were then used to inform dose response modeling for ADG and G:F.
Data from the two experiments were combined and fitted using a single general linear mixed model that included the fixed effect of treatment and the random effects of experiment and BW block nested within experiment. No evidence for an experiment by treatment response was detected so the interaction term was removed from the model. Specification of heterogeneous residual variances were fitted where appropriate using procedures outlined by Gonçalves et al. (2016) . Results from the base analyses were then used to develop the linear and nonlinear regression mixed models using the approach outlined by Gonçalves et al. (2016) and Robbins (2006) to estimate SID Val:Lys dose responses for ADG and G:F. Briefly, competing models included a broken-line linear ascending (BLL) model, a broken-line quadratic ascending (BLQ) model, and a quadratic polynomial (QP). For ADG and G:F the competing models were specified with dosage of SID Val:Lys as a continuous variable and BW block within experiment as a random effect. Additionally, the dose response models was expanded to accommodate heterogeneous residual variances. Competing statistical models were compared using maximum-likelihood-based fit criteria and the Bayesian information criteria (BIC; Milliken and Johnson, 2009) . The best fitting model (lowest BIC) was then chosen for each response criteria.
The initial analysis within experiment data as performed using the GLIMMIX procedure of SAS (V 9.4, SAS Institute Inc., Cary, NC). For the dose response the QP models were fit using the GLIMMIX procedure and the broken-line regression models were fitted using the NLMIXED procedures of SAS. Results were considered significant at P ≤ 0.05 and marginally significant at 0.05 > P ≤ 0.10.
RESULTS AND DISCUSSION
The analyzed diet CP and total AA concentrations (Table 2) were considered consistent with formulated values based on analytic variability reported by AFFCO (2015) .
In experiment 1, ADG increased linearly (P = 0.009) with increasing SID Val:Lys (Table 3) . A marginally significant increase was apparent for ADFI (linear, P = 0.098) and final BW (linear, P = 0.064) with increasing SID Val:Lys fed. Both g of SID Val intake per d and g of SID Val per kg of gain increased linearly (P < 0.001) with increasing SID Val:Lys. In experiment 2, ADG and ADFI increased in a quadratic manner (P < 0.002) with increasing SID Val:Lys whereas G:F increased linearly (P < 0.001; Table 4 ). Final BW increased (quadratic, P = 0.010), g of SID Val intake increased per d (quadratic, P = 0.005) and g of SID Val per kg of gain (linear, P < 0.001) increased with increasing Val:Lys. Satterplots of the observed data and predicted dose responses for ADG and G:F combined for experiments 1 and 2 as a function of SID Val:Lys ratio in 25-to 45-kg pigs are presented in Figures 1 and 2 .
The best-fitting model for ADG pigs was a QP (BIC: 1482.9). In comparison the BLL model resulted in a BIC of 1491.1 and the BLQ model resulted in a BIC of 1488.6. The corresponding estimated regression equation for the QP model was:
Predicted ADG, kg = -1.5004 + 5.1325 × (SID Val:Lys) -3.5172 × (SID Val:Lys) 2 + 0.012696 × (Initial BW, kg) Note, the SID Val:Lys ratio explanatory variable is expressed as a proportion (i.e., 0.700). The maximum ADG was estimated at a 73.0% (95% CI: [69.5, >78.0%]) SID Val:Lys. Note the estimate of the upper limit of the confidence interval estimate was outside the range of diet SID Val:Lys dose tested. Thus, due to the uncertaintiy past the dose range the upper confidence limit was reported as greater than the highest dosage. The overall best-fitting model for G:F was a QP (BIC: 1156.3) compared with the BLL and BLQ models (BIC: 1158.7 and 1161.7, respectively).
The estimated regression equation for the QP model was:
Predicted G:F = -0.21495 + 1.81744 × (SID Val:Lys ratio) -1.31678 × (SID Val:Lys ratio) 2 Based on the best-fitting QP model, the maximum mean G:F was estimated at 69.0% (95% CI: [64.0, >78.0]) SID Val:Lys.
For the ADG and G:F models the relatively wide range in the confidence intervals suggest that Our results are consistent to the results by Barea et al. (2009) , where the authors observed that, for 12 to 25 kg pigs, the SID Val:Lys for optimal ADG may be greater than those for G:F. In fact, in that study, the SID Val:Lys requirement for ADG was 70% in the BLL model and 75% in the BLQ whereas for G:F the requirements were 68% in the BLL and 72% in the BLQ. Noteworthy, different statistical models can yield different requirement estimates (Barea et al., 2009; Gaines et al., 2011) that likely depend on the model assumptions. This is not trivial as difference between estimates of alternative models can be substantial (as high as 6 percentage points in the study by Gaines et al., 2011) , both from a practical and economic standpoint. Carefully choosing the model that fits the data for estimation and inference is important. In previous studies, it is not always clear how well the actual data were fitted by each of alternative models, and thus, how relevant their estimates for optimums might be. The relative fit of statistical models can be more objectively assessed and compared using fit statistics such as the Bayesian Information Criterion (Milliken and Johnson, 2009) , as used in this study.
The NRC (2012) estimated the SID Val:Lys requirement of 25-to 45-kg pigs at 65%. Based on our results, the NRC (2012) recommendation appears to be adequate to maximize G:F, as the estimate 65% was within the 95% CI for SID Val:Lys observed in our study (95% CI: [64.0, >78.0]). The NRC and little previous literature provide a confidence interval around estimated requirements so it is difficult to determine if different estimates are significantly different. We believe differences in statistical approaches contribute as a source of variability in the scientific literature
In contrast, the NRC recommendation is below our estimate for the requirement to maximize average ADG (95% CI: [69.5, >78.0%]). This agrees with other studies that have shown that the SID Val:Lys requirement of nursery and finishing pigs ranges from 67% to 70% (Waguespack et al. 2012; Liu et al. 2015; Soumeh et al., 2015) for maximum ADG.
Estimated mean lowest-level SID Val:Lys for selected target performance levels of ADG and G:F based on corresponding best fitting models are listed in Table 5 . Note that 99% of the maximum performance of ADG and G:F can be achieved with a SID Val:Lys of approximately 68% and 63.2%, respectively. A recent meta-analysis conducted by van Milgen et al. (2013) which evaluated 28 dose-response experiments in young pigs indicated a SID Val:Lys requirement of 69%, similar to our findings.
In conclusion, the results herein indicate that the SID Val:Lys requirement ranged from 73% for maximum ADG to 69% SID for G:F in 25-to 45-kg BW pigs. However because of the slope of the response curve in ADG, a 68% SID Val:Lys was able to yield more than 99% of maximum mean ADG. Swine nutritionists may consider the amino acid ratio used in actual diet formulation to optimize performance and economic return is likely to vary with availability and prices of the dietary ingredients, as well as with market conditions for hogs (De La Llata et al., 2001) . Using the estimated growth performance equations provided and the relative dose-response to increasing Val:Lys aid in an analysis to determine the most economical AA ratio for a given situation. 
